Positive end-expiratory pressure (PEEP) is commonly used in the treatment of critically ill patients whose sympathetic nervous system is stressed; however, PEEP's actions on sympathetic nervous system activity are unknown. We therefore measured the plasma noradrenaline response (an index of sympathetic nervous system activity) to graded doses of PEEP in nine mongrel dogs. After 30 minutes at each level of PEEP, plasma noradrenaline concentrations increased from baseline mean values of 300 (SD 108) pg/ml to 388 (SD 225) pg/ml (P< 0.05) at 5 cm, 433 (SD 255) pg/ml (P < 0.01) at 10 cm and 1194 (SD 882) pg/ml (P < 0.01) at 20 cm water pressure of PEEP. The increases in plasma noradrenaline concentrations correlated inversely (r = -0.43, P < 0.01) with PEEP-induced changes in cardiac output. Plasma adrenaline levels did not change significantly in response to 5 or 10 cm of PEEP; however, plasma adrenaline increased, while heart rate and mean arterial blood pressure fell, at 20 cm water pressure of PEEP (P < 0.05). Within 15 minutes after discontinuation of PEEP, the plasma catecholamine concentrations returned to baseline levels. Conclusions: 1. PEEP significantly increases sympathetic nervous system activity in a rapid, dosedependent, reversible manner; 2. the PEEP-induced increases in sympathetic activity may explain the reductions in organ blood flow which others have observed following the initiation of PEEP; 3. PEEP-related changes in sympathetic nervous system activity are a consequence of PEEPinduced reductions in cardiac output.
Positive end-expiratory pressure (PEEP) is commonly used in the therapy of patients with respiratory failure,I,2 yet many of its effects remain unknown. 3 Several PEEP-induced sequelae suggested to us that PEEP might alter sympathetic nervous system activity: 1. Liebman, Patten and others 4 ,5 hypothesised that a humoral agent contributed to the cardiac alterations seen with PEEP. 2. PEEP decreases renal blood flow, urinary output, sodium excretion and glomerular filtration rate. 6·8 Although PEEP-induced decreases in cardiac output may account for these changes, they may be catecholamine-related or may relate to the reported increases in renin, aldosterone and antidiuretic hormone which occur during PEEP and reverse with PEEP withdrawa1. 6 3. PEEP alters the blood flow to organs other than the kidneys9 suggesting possible catecholamine mediation. 4. Denervation of the sinoaortic baroreceptor eliminates the decreases in renal function observed during continuous positive pressure ventilation. lo 
5.
Although controversial,I,3 PEEP may cause pulmonary hypertension,11 which may increase plasma noradrenaline concentrations. 12 The present study was therefore designed to measure the plasma noradrenaline (an index of sympathetic nervous system activityl3,14) and adrenaline responses of graded levels of PEEP.
METHODS AND MATERIALS
Nine fasted mongrel dogs (15) (16) (17) (18) (19) (20) kg) were anaesthetised with sodium pentobarbital (25 mg/kg IV initially and then 5 mg/kg/hr by continuous IV infusion). Muscle relaxation was obtained by administering 0.06 mg/kg of pancuronium bromide. Ventilation was provided via an oral, cuffed endotracheal tube. The initial tidal volume provided was 15 mllkg, delivered 12 times per minute. The rate was adjusted to maintain the arterial carbon dioxide tension between 35 and 50 mmHg. PEEP was applied by immersion of the ventilator expiratory port and a water column at variable depth (5, 10 or 20 cm). Airway pressure was measured via a 16 gauge, 5.5 inch angiocath inside the endotracheal tube distal to the level of the vocal cords. Femoral artery and femoral vein catheters were inserted percutaneously. The arterial catheter was attached to a pressure monitor transducer and strip-chart recorder which permitted continuous blood pressure measurements. Heart rate was continuously monitored by ECG. Cardiac output was determined using a thermodilution pulmonary artery flotation catheter; however, we did not monitor pulmonary artery pressures. Temperature was monitored and maintained within 1 QC with a Hamilton heating mattress.
Following instrumentation, each dog was rested for 20 minutes to allow for stabilisation of the sympathetic nervous system. 12 Then, each animal was exposed to 30 minutes each of 5, 10 and 20 cm water pressure PEEP with 30 minutes rest (zero PEEP) between each PEEP ... 
Corresponding data for cardiac output, plasma noradrenaline (norepinephrine) and adrenaline (epinephrine), heart rate and mean arterial blood pressure at two baseline points, during 30 minutes of 5, 10 and 20 cm water pressure PEEP, and during 30 minutes rest (zero PEEP, 'off' period).t = P< 0.005,·· = P< 0.01,· = P < 0.05. All comparisons are made to either base #2 (for 5 cm PEEP and 'off' periods, or to the 30 minute 'off' value which preceded the given level of PEEP. n = 9 at all points. Please note that the error bars for this figure reflect standard error of the mean, whereas the standard of variance expressed in the text of this paper is standard deviation.
level. Three animals first received 5, then 10, then 20 cm water pressure PEEP, 3 received 10, then 20, then 5 and 3 were administered 20, then 10, then 5 cm water pressure of PEEP. Arterial blood samples were collected immediately after heart rate, blood pressure and cardiac output were recorded at two baseline time points (10 minutes before and immediately preceding the initiation of PEEP) and then again at 5, 15, and 30 minutes during each PEEP level as well as 15 and 30 minutes after each PEEP level was discontinued. Blood samples were collected in chilled, heparinised, plastic test tubes which were immediately placed into wet ice. Each sample was centrifuged at 4°C within 30 minutes of collection. The plasma was then separated by hand pi petting into plastic test tubes which were placed in dry ice. The specimens (in dry ice) were transported to a -70°C freezer where they were stored until assayed. Plasma noradrenaline and adrenaline concentrations were measured by a catechol-o-methyl transferase radioenzymatic assay with accuracy from the range of between 15 and 20 pg of noradrenaline or adrenaline per ml of plasma. IS
In this radioenzymatic assay a partially purified enzyme, catechol-o-methyl transferase (COMT) catalyses the transfer of a 3H-methyl group from commercially available 3H-Sadenosylmethionine to a meta-hydroxyl group of endogenous noradrenaline and adrenaline, forming 3H-normetanephrine and 3H-metanephrine, respectively. All blood samples were arterial, so as to avoid any arterio-venous differences in plasma catecholamine measurements. 16 Data were analysed by two-tailed, paired Student's t-test, followed by Duncan's multiple range test (because we performed repeated measures), analysis of variance and Pearson's product correlation coefficienL I7 Data are expressed as mean with SD. Data in Figure 1 were analysed by making comparisons to either the second baseline data point or to the 30 minute 'off' value preceding the level of PEEP being analysed. The first baseline was used merely to show haemodynamic and catecholamine stability before the experiments were initiated. PLASMA NE (pg/ml) FIGURE 2.-Relationship between plasma noradrenaline (norepinephrine, NE) concentrations and cardiac output (l/min) at 7 time points (base #2,30 mins of 5 cm PEEP, to cm PEEP, and 20 cm PEEP, and 30 min 'off' values after 5, 10 and 20 cm PEEP). n therefoie=63 (9 dogsx7 readings each); r= -0.43, P<O.OI. pressure and plasma catecholamine values were similar at the first and second baseline determinations (Figure 1 ). Dose dependent, PEEP-induced decreases in cardiac output were observed (Figure 1 ). Plasma noradrenaline levels increased within 5 minutes of beginning 5, 10 or 20 cm of PEEP. At 5 and 10 cm water pressure PEEP, the PEEP-induced noradrenaline increments were relatively stable during the 30 minutes of PEEP therapy ( Figure  1 ). The mean baseline plasma noradrenaline concentration was 300 (SD 108) pg/m!. After 30 minutes of PEEP, the noradrenaline concentration increased to 388 (SD 225) pg/ml (P<0.05) at 5 cm, 433 (SD 255) pg/ml (P<O.OI) at 10 cm and 1194 (SD 882) pg/ml (P<O.OI) at 20 cm water pressure PEEP. The plasma noradrenaline concentrations returned to baseline levels within 15 minutes of withdrawing PEEP ('off' or rest period, zero PEEP), regardless of the level of PEEP. The PEEP-induced changes in plasma noradrenaline were inversely correlated (r = -0.43, P<O.OI) with PEEP-induced decreases in cardiac output (Figure 2 ).
RESULTS
The plasma adrenaline response to the three doses of PEEP resembled the noradrenaline response, although at 5 and 10 cm water pressure PEEP, only transient adrenaline increases were observed (Figure 1) . The HR and MAP of the anirrials were unchanged with 5 and 10 cm PEEP but both variables decreased significantly (P<0.05) with 20 cm PEEP. Heart rate decreased from 168 (SD 30) to 141 (SD 45) beats/minute (P<0.05) and 148 (SD 42) beats/minute (P<0.05) at 15 and 30 minutes respectively after 20 cm PEEP was initiated. Mean arterial blood pressure decreased from 147 (SD 27) mmHg to 115 (SD 54) (P<0.05) and 128 (SD 39) mmHg (P<0.05) respectively at these same time points (Figure 1 ).
DISCUSSION
The rapidity with which the plasma noradrenaline and adrenaline concentrations changed in response to the initiation and discontinuation of PEEP is similar to the rapid response of the sympathetic nervous system to the onset of experimental haemorrhage, 18 hypothermia l9 and bacteremia. 20 Our observation that the plasma noradrenaline variations correlated with PEEP-induced changes in cardiac output was not surprising, because this haemodynamic effect of PEEP on dogs with normal lungs is well known. I ,2l, 22 Several limitations of our work are noteworthy: First, although we and others 13 consider the plasma noradrenaline level to be an excellent indicator of sympathetic nervous system function, determining adrenaline release rates may be a superior approach to the problem. 23 Second, we used controlled, mechanical ventilation which did not allow for spontaneous ventilation. Controlled mechanical ventilation reduces urine flow, and creatinine clearance (perhaps catecholamine mediated) unlike intermittent mandatory ventilation in the same subjects. 24 Although some of our findings may have been related to controlled ventilation, our experimental design (on PEEP, off PEEP, on PEEP etc.) should provide validity to our findings related to PEEP. Third, we did not account for changes in intravascular volume which are known to alter the haemodynamic responses to mechanical ventilation with PEEP. 25, 26 In fact, volume expansion reverses the PEEP-induced alterations in organ blood flow. 9 Since completing our initial experiments in dogs, two of us (BC, CRL) have collaborated with a group who performed experiments in pigs to determine the cause of our observed catecholamine response to PEEP. In that study,27 it was discovered that maintenance of cardiac output (by volume infusion) prevented the PEEP-induced increases in plasma adrenaline and noradrenaline concentrations.
The anaesthetic should not have contributed to the observed catecholamine changes since stable baseline concentrations were apparent throughout the course of our experiments. Pancuronium bromide (which we used for muscle relaxation) has been reported to reduce plasma noradrenaline levels 28 and when administered during thiamylal induction, it does not change circulating noradrenaline levels. 29 In this study we have described the sympathetic nervous system response to PEEP in anaesthetised canine subjects with normal lungs. PEEP has been, and will continue to be, an important therapeutic modality. This present report is the first delineation of the sympathetic and adrenal medullary responses to PEEP. By increasing our knowledge of the biochemical actions of PEEP, we may further our use of this valuable ventilatory adjunct.
